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ERRATA 


P. 67: Eq. (A.5) should be: 
i/'P. 68: Line 7 should bet 

L/ /p. 69: Eq (A-9) should be: 
v/p. 76: Lines 3 and 4 should be: 


\/2. 77: Lines 3 and 4 should be 


t/P. 78: Lines 3 and 4 should be: 


l/P. 79: Lines 3 and 4 should be: 


y/P. 91: Step 6 (Equation A.5) Line 6 
should be: 


r = 4 (M + 2M )/L 
u un up 


I 20 is defined as the moment 


of inertia of 


= 2W0.74mL/K E 

Q = 1.5t 2 F (4.44 + 0.558 v/NAt) 

y 

= 90t 2 (4.44 + 0.558 JW/t) ksi 

Q = 1.5t 2 F (6.66 + 1.446 v/NAt) 

u y 

= 90t 2 (6.66 + 1.446 >/Wt) ksi 
= 1.5t 2 F y (4.44 + 0.558 VNAt) 

= 120t 2 (4.44 + 0.558 JWt) ksi 

Q = 1.5t 2 F (6.66 + 1.446/N/t) 
u y 

= 120t 2 (6.66 + 1.446 VN/t) ksi 


r = (4/L ) (2M + M ) 

u . up un 


P. 91: Step 7 (Equation A.6) Line 2 
should be: 

Step 7 (Equation A.6) Line 3 
should be: 


K = r L/X 
E u E 

= (EIr u L)/(0.0062r u L 4 ) 


P. 92: Step 10: Line 5 should be: 

Step 10: Line 6 should be: 


tan 0 = X /(L/2) = 0.028/2.25 = 0.012 
M 

0 = 0.70° < 2.0° OK 








UNCLASSIFIED 


SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered) 


REPORT DOCUMENTATION PAGE 

READ INSTRUCTIONS 

BEFORE COMPLETING FORM 

1. REPORT NUMBER 

CONTRACTOR REPORT ARLCD-CR-81001 

2. GOVT ACCESSION NO. 

3. RECIPIENT’S CATALOG NUMBER 

4. TITLE (and Subfile) 


S. TYPE OF REPORT ft PERIOD COVERED 

BLAST-RESISTANT CAPACITIES OF COLD-FORMED 

C' r T'C , T7T ‘DAVTT7T O 

Final 



6. PERFORMING ORG. REPORT NUMBER 

7. Au THORf e) 

William Stea and Fredrick E. Sock, Ammann& Whitney 
Joseph P. Caltagirone, ARRADCOM 

8. CONTRACT OR GRANT NUMBERfa) 

DAAK10-77-C-0134 

9. PERFORMING ORGANI ZATION N AME AND ADDRESS 

Ammann & Whitney, Consulting Engineers 

Two World Trade Center 

New York, NY 10048 

10. PROGRAM ELEMENT, PROJECT, TASK 
AREA ft WORK UNIT NUMBERS 

MMT - 5794291 

11. CONTROLLING OFFICE NAME AND ADDRESS 

ARRADCOM, TSD 

ATTN: STINFO Div (DRDAR-TSS) 

Dover, NJ 07801 

12. REPORT DATE 

MAY 1981 

13. NUMBER OF PAGES 

116 

14. MONITORING AGENCY NAME 8 ADDRESSf If dlifermt from Controlling Office) 

ARRADCOM, LCWSL 

ATTN: Energetic Systems Process Div (DRDAR-LCM-SP' 

15. SECURITY CLASS, (of thie report) 

Unclassified 

Dover, NJ 07801 


15a. DECLASSI FI CATION/DOWN GRADING 
SCHEDULE 

16. DISTRIBUTION STATEMENT (of thie Report) j 

Approved for public release; distribution unlimited. 

17. DISTRIBUTION STATEMENT (oi the abatract entered in Block 20, if different from Report) 

18. supplementary notes 

This project was accomplished as part of the U.S. Army’s Manufacturing Methods 
and Technology Program, The primary objective of this program is to develop, on 
a timely basis, manufacturing processes, techniques, and equipment for use in 
production of Army materiel. j 

19. KEY WORDS (Continue on reverse aide if neceeeery end identify by biock number) 

tfMT - blast effects Steel structures 

Sold-formed steel panels Blast resistance 

Blast capacity Pre—engineered buildings 

ietal panels and decking Structural components 

2Qv ABSTRACT fCantfnue art reverse attOa ft neceeeery and identify by biock number) 

Cold-formed steel panels are widely used in the construction of steel struc¬ 
tures and pre-engineered buildings at explosives manufacturing and storage facil¬ 
ities. The behavior of these panels differs significantly from that of the 
hot-rolled structural members due to the large width-to-thickness ratios of the i 
elements that constitute their cross-sections. i 



(Continued) 

DO x 1473 EDITION OF » MOV 65 IS OBSOLETE 

UNCLASSIFIED 


SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered) 























SECURITY CLASSIFICATION OF THIS PAGEfWTian Data Bntend) 

20. ABSTRACT (Cont) ~~ ' ~ 

In an ear lier project designed criteria were established for cold -formed 
steel panels. This report documents subsequent tests which were performed 
to verify or refine these design criteria. The actual tests were conducted 
at the Dugway Proving Ground, UT. 

The accumulated data indicated that the increased strength observed in 
the test panels was due to the actual static stresses (which exceeded the mini¬ 
mum stress at yield of 227,500 kPa (33,000 psi). 

The tests revealed that the maximum ductility ratio criteria of 1.25 for 
usable structures and 1.75 for non-reusable structures can be increased to 3.0 
and 6.0, respectively. Other determinations included: (1) the total moment 
of inertia should be substituted for the effective moment of inertia when cal¬ 
culating the natural period and elastic deflections (2) open hat shape panel; 
can be used for closed sections in low pressure rangfes } and (3) standard 
screw-type connections performed adequately in blast tests up to 34.5 kPa (5 
psi) . 


UNCLASSIFIED 


SECURITY CLASSIFICATION OF THIS PAGEfWTien Data Entered) 











SUMMARY 


Cold-formed steel panels are widely used in the construction 
of steel structures and pre-engineered buildings at explosives 
manufacturing and storage facilities. The behavior of these panels 
differs significantly from that of the hot-rolled structural mem¬ 
bers due to the large width-to-thickness and depth-to-thickness 
ratios of the elements that constitute their cross-sections. 

For design purposes, effective utilization of the bending 
properties of cold-formed sections is obtained by accounting for 
the post-buckling strength of stiffened compression flanges. This 
concept, substantiated by numerous tests, is implemented in the 
AISI Specification for the Design of Cold-Formed Steel Structural 
Members (ref 1). This specification provides all the necessary 
guidelines for the design of cold-formed steel panels for static 
loads. However, additional provisions are required for the blast- 
resistant design of such panels. 

This report was developed as part of the overall effort by the 
Energetic Systems Process Division of the Large Caliber Weapons 
Systems Laboratory, ARRADCOM, to verify or refine the design cri¬ 
teria presented in the report titled "Design of Steel Structures to 
Resist the Effects of HE Explosions" (ref 2). The actual tests 
were conducted in February 1976 at the White Sage East Test Facil¬ 
ity of Dugway Proving Ground, Utah. 

The testing program consisted of a series of seven tests that 
were performed on single-span and three-span continuous panels 
mounted in four wooden cubic structures. Overpressures produced by 
detonating 900 kilograms (2,000 pounds) of propellant ranged from 
2.07 kPa (0.3 psi) to 103.4 kPa (15 psi) on the panels. Specially 
mounted transducers measured blast overpressures and two high-speed 
motion picture cameras recorded any transient motion in the tests. 

The program included tests with both types of cold-formed 
steel panels; specifically, open sections (two flat sheets, one of 
which was formed into a series of hat sections). The four wooden 
box-like structures, arranged in two different configurations, were 
used to support the test panels throughout the program. The explo¬ 
sives used in the tests were M26E1 and T28E1 artillery-type propel¬ 
lants as the primary .charges, and Composition C-4 as the booster 
charge• 





The test results are presented in terms of visual observa¬ 
tions, photographs of structural damage, measurements of permanent 
deformations of the test panels, pressure histories recorded by the 
gages, and overpressures at the four test structures. Tabular 
arrangements are also presented to further document the results. 

The accumulated data indicated that the increase strength ob¬ 
served in the test panels was due to the actual static stresses 
[which exceeded the minimum stress at yield of 227,500 kPa (33,000 
psi)]. It was further determined that the flexural resistances of 
a simply fixed panel or a continuous panel of equally spaced spans 
should be computed using the following equation in lieu of equation 
3.25 of reference 2: 


r u - HMm, + ZHyp)/ 1 ' 2 

where r u is the resistance per unit length of the panel, M un is the 
ultimate negative moment capacity for one-foot width of panel, and 
M U p is the ultimate positive moment capacity for one-foot width of 
panel. 

The tests revealed that the maximum ductility ratio criteria 
of 1.25 for usable structures and 1.75 for nonreusable structures 
can be increased to 3.0 and 6.0, respectively. Other determination 
included: (1) the total moment of inertia should be substituted 
for the effective moment of inertia when calculating the natural 
period and elastic deflections (2) open hat shape panels can be 
used for closed sections in low pressure ranges, and (3) standard 
screw-type connections performed adequately in blast tests up to 
34.5 kPa (5 psi). 
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INTRODUCTION 


Background 

Cold-formed steel panels are widely used for roof and floor 
decking, as well as for wall siding, in the construction of steel 
structures and pre-engineered buildings at explosives 
manufacturing and storage facilities. These panels are 
constructed ffom thin sheets which are formed into various 
cross-sections such as those shown in figure 1. Sheet 
thicknesses utilized for the construction of cold-formed steel 
panels vary from 12 to 24 gage. The behavior of these panels 
differs significantly from that of hot-rolled structural members 
(such as wide flange beams) due to the cross-sectional shapes and 
to the large width/thickness and depth/thickness ratios of the 
elements (flanges, webs) which make up the cross-sections. Under 
static loading, the load deflection curves for a cold-formed 
steel panel is markedly non-linear and strongly dependent on the 
extent of local instabilities. For design purposes, effective 
utilization of the bending properties of cold-formed sections is 
obtained by accounting for the post-buckling strength of 
stiffened compression flanges. This concept, substantiated by 
numerous tests, is implemented in the AISI Specification for the 
Design of Cold-Formed Steel Structural Members (ref.II). This 

specification provides all the necessary guidelines for the 
design of cold-formed steel panels for static loads. However, 

additional provisions are required, for the blast-resistant 
design of such panels. 

The economy of blast-resistant design requires that 
protective structures be designed to perform in the inelastic 
response range when subjected to blast loads. However, standard 
plastic design techniques are not directly applicable to 
cold-formed construction. This is due to the fact that the 

width/thickness and/or the depth/thickness ratios utilized in 
cold-formed sections are generally greatly in excess of the 

limits imposed by the requirements for plastic hinge formation. 

However, for the purpose of blast design of cold-formed steel 
panels, it is possible to account for a limited, but definite 

amount of plastic behavior. The amount of plastic deformation 
which is acceptable will vary, in magnitude depending on the 
function of a given structure and its intended reusability or 

non-reusability after an accidental explosion. 

ARRADCOM has developed criteria for the inelastic design of 
cold-formed sections subjected to blast overpressures. This 

criteria is presented in detail in reference 2 and includes 
equations for ultimate moment capacities, ultimate resistances, 











stiffnesses, periods of vibration, shear stresses, support 
reactions, and rebound effects for single and continuous spans. 

In order to verify or refine these design criteria and determine 
the blast load capacities of various panel sections and 
connection details, a test program was undertaken by the 
Energetic Systems Process Division of the Large Caliber Weapons 
Systems Laboratory, ARRADCOM, as part of its overall Safety 
Engineering Support Program for the Project Manager for 

Production Base Modernization and Expansion. This report summar¬ 
izes and evaluates the results and presents recommended changes to 
more fully utilize the blast capacity of cold-formed steel panels. 


Purpose and Objectives 

The overall purpose of the test program was to evaluate and 
refine the criteria and procedures provided in reference 2 for 
the blast-resistant design of cold-formed steel panels. The 
objectives of the test program are summarized below: 

1. To evaluate the blast capacities of cold-formed steel 
panels having both closed (hat section with flat sheet) 
and open hat type cross-sections. 

2. To evaluate the dynamic load capacities of various 
panel connection details. 

Format and Scope of Report 

The following section describes the test program including 
the test procedures and results. The next section contains 
evaluations of the test results and the current procedures 
(provided in ref. 2) for the blast-resistant design of 
cold-formed steel panels. Appendix A contains proposed revisions 
to the methods and procedures of reference 2 pertaining to the 
blast design of cold-formed steel panels. Utilization of the 
revised design procedure is illustrated by a sample problem. 
Appendix B contains reproductions of the test structures, test 
specimens and testing plans. 

Since future standards of measurement in the United States 
will be based upon the SI Units (International System of Units) 
rather than the United States System now in use, all measurements 
presented in this report will conform to those of the SI System. 
However, for those persons not fully familiar with the SI Units, 
United States equivalent units of the particular test data are 
presented in parentheses adjacent to the SI Units. 









TEST DESCRIPTION 


General 

Blast tests of cold-formed steel panels were performed as 
part of the dynamic glass tests (ref. 3) at the White Sage East 
Test Facility of Dugway Proving Ground (DPG), Utah. The tests 
were conducted in February 1976 under the direction of ARRADCOM. 
A total of seven tests were performed on single-span and 
three-span continuous panels mounted in four wooden box-like 
structures. The test panels were subjected to overpressures 
ranging from 2.07 kPa (0.3 psi) to 103.4 kPa (15 psi). The 
positive phase duration of the overpressure was about 50 
milliseconds in each test. The blast loads were produced by 
detonating 900 kilograms (2,000 pounds) of propellant. 

The quantities measured during the testing consisted of the 
free-field overpressure at various distances from ground zero. 
In addition, permanent deformations of the test panels were 
measured when they occurred. Photographic documentation 
consisted of still photographs to record structural damage after 
each test as well as high-speed motion pictures to document each 
shot. Reference 4, which describes the test program, was 
prepared by Dugway Proving Ground for documentation purposes and 
was used freely in the preparation of this section of the report. 

Test Panels 

Cold-formed steel panels are manufactured in either open 
sections forming continuous corrugations or closed sections 
consisting of two flat sheets, one of which is formed into a 
series of hat sections. The formed and flat sheets of the closed 
section panels are shop-welded together. Both types of panel 
cross-sections were tested although the provisions of reference 2 
specify that only closed-type cross-sections are to be used in 
blast-resistant construction. 

The types and sizes of panels tested are shown in table 1. 
The Section 3, UKX and NKX sections, are manufactured by the H.R. 
Robertson Company of Pittsburgh, Pennsylvania. These panel 
sections are used in conventional buildings as roof and floor 
decking. The 4-inch ribbed panel, manufactured by the Elwin G. 
Smith Division of the Cyclops Corporation of Pittsburgh, 
Pennsylvania, is used for siding. All of these panel types were 
manufactured from galvanized steel sheet conforming to ASTM A 
446, Grade A. This material has a specified minimum yield stress 
of 227,000 kPa (33 ksi). Similar cold-formed sections are 
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produced and marketed by companies other than the previously 
mentioned corporations. 

Test Structures 

Four wooden box-like structures of two different 
configurations were used to support the test panels throughout 
the test program. Engineering drawings showing the framing 
plans, sections,and details of the test structures are provided 
in appendix B. A photograph showing the interior framing of one 
of the test structures is shown in figure 2. The four test 
structures were fabricated in the shop and towed to the test site 
by a tractor (fig. 3). At the test site, the structures were 
labeled for identification and positioned at various locations 
from the explosives in order to subject them to . certain 
predetermined pressure levels. Once in position, the test 
structures were anchored by steel rods (fig. 4) driven into the 
ground. 

Two of the test structures (designated as Structures A and 
B) were 5.18 meters (17 feet) long by 2.13 meters (7 feet) wide 
and 2.44 meters (8 feet) high. A photograph of Structure B is 
shown in figure 5. These structures were also utilized to test 
glass window panes. These structures were designed to withstand 
approximately 27.6-kPa (4-psi) overpressure. Steel panels were 
mounted to the roof of each structure. The roof test panels were 
three-span continuous members 4.57 meters (15 feet) long by 1.22 
meters (4 feet) wide. Each span of a roof panel was 1.52 meters 
(5 feet) long. In addition, single-span test panels each 1.37 
meters (4 feet 6 inches) long by 1.22 meters (4 feet) wide, were 
mounted to the blastward face of Structure B. The blastward face 
of Structure A was used to test a glass window pane instead of a 
steel panel. 

The other two test structures (designated as Structures C 
and D) were low wooden support structures which were utilized to 
test three-span panels at higher overpressures. A photograph of 
one of these structures is shown in figure 6. The panel sizes 
utilized with these structures were the same as those mounted on 
the roof of Structures A and B. 

The four wooden test structures were provided with steel 
beams to support the test panels. The test panels were not 
attached directly to the support beams; instead, they were 
connected to support plates which were bolted to the flanges of 
the support beams. 
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Panel Connections 


Each 1.22-meter (4-foot) wide test panel was constructed 
from two standard 0.61-meter (2-foot) wide panels which were 
fastened together by either seam welds or sheet metal screws. 
Attachment of the test panels to the support plates was 
accomplished utilizing puddle welds, welded bolts or self-tapping 
screws. Table 2 contains a schedule of the connection types used 
on the various test panels. A drawing showing the quantities and 
locations of the various connections on the test panels is 
provided on page 96 of appendix B. . 

Puddle welding of the test panels to the support plates was 
accomplished by drilling or punching a hole in the panel the same 
size as the prescribed weld (see fig. 7). The hole was filled 
with weld in order to secure the panel to the support plates. A 
typical puddle weld connection is shown in figure 8. Weld sizes 
utilized are given in table 2. Oblong welds, 15.9 millimeters 
(5/8 inch) wide by 25.4 millimeters (1 inch) long, were utilized 
at the center seams [laps of 0.61-meter (2-foot) sections] and 
along the outer edges of the test panels because the lips 
provided at the edges of each panel section (for joining adjacent 
sections) reduced the width of the panel valley (bottom of hat 
section) to 19 millimeters (3/4 inch). 

Details of the bolt and screw connections are shown in 
figure 9. The original test plan (see page 98 of appendix B) 
provided for the use of Nelson-threaded welded studs to fasten 
some of the test panels to the support plates. However, the 
studs were not available in time for inclusion into the test plan 
and threaded machine bolts were inserted in holes through the 
support beams and plates, and spot-welded in position. In 
addition, the 15.9-millimeter (5/8-inch) long. No. 14 hexagon 
head, self-tapping screws specified in the test plan were not 
available for the test and 19-millimeter (3/4-inch), No. 14 
panhead self-tapping screws were used in their place. 

Propel 1 ants 

The charges used in this test program were M26E1 and T28E1 
artillery-type propellants as the primary charges, and 
Composition C-4 as the booster charge. A typical charge is shown 
in figure 10. The M26E1 and T28E1 propellants are both 
multi-perforated propellants with webs of 0.97 millimeter (0.038 
inch) and 1.04 millimeters (0.041 inch), respectively. The 

combined weight of the primary charges and the booster in each 
test was approximately 900 kilograms (2,000 pounds) with the 
booster weighing approximately 20 kilograms (45 pounds). The 



propellant used was delivered to the site of the fiberboard 
shipping containers with a net weight of approximately 73 
kilograms (160 pounds) each. 

The total charge was held in a 1.0-meter (39-inch) cube 
container (fig. 11) constructed from 19.0-millimeter (3/4-inch) 
thick plywood, two-by-fours, and strengthened by 13.0-millimeter 
(1/2-inch) wide steel strips. The Composition C-4 booster was 
primed with two electric detonators which initiated detonation of 
the entire charge as illustrated in figure 12. 

The location of the test structures was determined on the 
basis of predictions developed from TNT equivalency tests 
performed on M26E1 propellant by the I IT Research Institute for 
ARRACDOM (ref.^ 5 ), and on blast pressure data recorded during the 
test program. 

Instrumentation 

Blast overpressures were measured with Susquehanna ST-7 
transducers housed in integral ballistic probes. Each instrument 
was mounted in an adjustable pipe stand, as illustrated in figure 
13, to facilitate positioning and orientation. Five instruments 
were used to form a blast line from which the overpressure at 
each structure was determined. Blast pressure data were recorded 
on Biomation transient-wave recorders, then transferred to a 
magnetic tape through a Quad-Systems interface. The magnetic 
tapes were subsequently reduced by a Hewlett-Packard 2100 
computer to obtain the digitized pressure-versus-time history. 
In addition, the data recorded by the Biomation transient-wave 
recorders were also photographically recorded. These photographs 

are provided in appendix A of reference' 1 4. 

\ 

Photographic Coverage 

Two high-speed motion picture cameras operating at speeds up 
to 1,000 frames per second were used to document any unusual 
effects or transient motions of the test structures produced by 
the explosion and the resulting blast loads. In addition, still 
photographs were taken before and after each test to document the 
test set-up and to record damage to the test structures and to 
the panels affixed to those structures. 







General Description of Tests 

A total of seven tests were conducted to determine the 
blast-resistant capacities of the test panels. The explosive 
charge weight and the location of Ground Zero were held constant 
for all tests, while the four test structures were positioned at 
predetermined distances from the explosive to achieve the desired 
blast loading on the test panels. Figures 14 through 20 show the 
orientations and locations of the test structures and pressure 
gages with respect to Ground Zero. 

After each detonation, the cold-formed panels and the test 
structure were inspected for damage. Still photographs and 
physical measurements were taken to document the damage. The 
explosion area was examined for propellant residue and the crater 
dimensions were measured and recorded. 

Preparation of the site and the test structures for each 
subsequent test included replacing damaged panels, repairing the 
test fixtures, filling the crater created by the explosion, and 
leveling Ground Zero. The blast gages were fixed into new 
positions and the measuring instruments were checked and 
calibrated for a new pressure range. The test structures were 
moved closer to Ground Zero after each test in order to subject 
the test panels to gradually increasing overpressures. 

During Test Series I of the glass tests (ref. 3 ), it was 
suspected that an air cushion was developing between each glass 
pane and the plywood plank behind it when the glass deflected. 
It was theorized that the effect of the air cushion was to reduce 
the net loading on the glass, thereby allowing the glass to 
withstand larger-than-anticipated blast loads. To eliminate the 
air cushion effect, 0.18-meter (7.0-inch) diameter holes were cut 
in the plywood planks behind the glass panes in order to vent any 
pressure build-up behind the glass. Prior to the installation of 
the first series of test panels, 0.18-meter (7.0-inch) holes were 
also made in the plywood paneling behind the test panels for the 
same purpose. However, as the test program progressed, it was 
determined that venting behind the panels was not required and 
the holes were boarded over when the first series of test panels 
were removed from the test structures. 

Test Results 

General 

The test results are presented in terms of visual 
observations and photographs of structural damage, measurements 
of permanent deformations of the test panels, pressure histories 







recorded by the pressure gages, and overpressures at the four 
test structures. A summary of the test results is provided in 
tables 3 through 5. Descriptions of the results are provided 
below. 

Pressure Measurements 

Table 3 summarizes the maximum overpressures recorded 
by the five pressure gages. Included also are the positive phase 
durations as well as the actual and scaled distances from the 
charge to each pressure gage. There was some difficulty 

encountered in achieving the desired blast loads on the test 
structures. It had been planned to position the test structures 
and pressure gages on the basis of the data provided in reference 
5 . However, the pressures measured in test no. 1 were 
significantly lower than the values expected. Therefore, in 
subsequent tests, the test structures and pressure gages were 
positioned using the pressure data generated in the previous 
tests. Consequently, the positioning of the structures and gages 
was essentially a trial-and-error procedure until test no. 5 when 
there was sufficient data available from the previous four tests 
to yield accurate predictions of the pressures occurring at 

various distances from Ground Zero. 

The measured pressure-versus-time records deviated 
somewhat from an idealized pressure history (such as the one 
shown in ref. 6) produced by the detonation of an explosive 

material. A typical pressure-versus-time history recorded is 
shown in figure 21. Note that the first half of the record (from 
38.4 to 64.0 milliseconds) closely resembles the positive phase 
of an idealized pressure-versus-time history. However, at 64 
milliseconds, there is a disturbance in the record which is 
characterized by a rapid build-up to a second peak pressure. The 
disturbance shown in the figure was observed in the recorded 
pressure histories throughout both the glass and cold-formed 

panel test programs. In some cases, the second peak pressure 
equaled and even exceeded the initial peak pressure. It is 
believed that the occurrence of these "second peaks" can be 
attributed to the use of artillery-type propellants to produce 
the blast pressures on the test specimens, and to the use of 
cubical charges instead of spherical or cylindrical charges. 

The overpressures at the four test structures were 

determined by interpolating the recorded pressure data. The 
measured pressure data were plotted versus distance to charge, as 
shown in figure 22. Curves were fitted to the raw data (as shown 
in the figure) and the pressures at the test structures were read 
off the curves for the appropriate distance to the charge. The 
pressures at the test structures are given in tables 4 and 5. 







A 4-inch rib, 24-gage panel was installed on 
the roof of Structure A while UKX 20-20 gage roof panels were 
installed on the roof of Structures B and C. Structure D was 
used to test a NKX 20-20 gage roof panel. In addition, a NKX 
16-16 gage was installed on the blastward face of Structure B. 

The expected pressures were 3.4 kPa (0.5 psi), 13.8 kPa (2.0 

psi), 20.7 kPa (3.0 psi) and 27.6 kPa (4.0 psi) at Structures A, 

B, C and D, respectively. The actual pressures of 2.07 kPa (0.3 
psi) at Structure A, 6.89 kPa (1.0 psi) at Structure B, 10.34 kPa 
(1.5 psi) at Structure C and 13.79 kPa (2.0 psi) at Structure D 
were considerably lower than the expected values. The positive 

phase durations were 42.0 ms at Structure A, 48 ms at Structure B 
and 50 ms at Structures C and D. There was no damage to any of 
the steel panels. 

Test No. 2 

The panels used for test no. 1 were left in-place 
and the four test structures were moved closer to Ground Zero in 
a second attempt to obtain pressure levels of 3.4 kPa (0.5 psi), 
13.8 kPa (2.0 psi), 20.7 kPa (3.0 psi) and 27.6 kPa (4.0 psi) at 
Structures A, B, C and D, respectively. The recorded 
overpressures of 2.14 kPa (0.31 psi), 8.27 kPa (1.2 psi) and 
19.99 kPa (2.9 psi) for Structures A, B and D, respectively, were 
significantly lower than the desired values; whereas the 
overpressure of 13.1 kPa (1.9 psi) recorded for Structure C was 
nearly equal to the predicted value. Post-test observations 
revealed that none of the panels had sustained damage. 

Test No. 3 

Structures A and B, with the same panels utilized 
in the previous two tests, were relocated closer to Ground Zero 
where overpressure levels of 4.8 kPa (0.7 psi) at Structure A and 
20.7 kPa (3.0 psi) at Structure B were expected. The actual 
pressures occurring at Structures A and B were 5.38 kPa (0.78 
psi) and 15.86 kPa (2.3 psi), respectively. The UKX 20-20 gage 
panel on the roof of Structure C was replaced with a UKX 18-18 
gage panel and the structure was relocated closer to Ground Zero 
where an overpressure level of 27.6 kPa (4.0 psi) was expected. 
Structure D, with the NKX 20-20 gage roof panel undamaged from 
the previous tests, was relocated closer to the charge in order 
to expose the test panel to an overpressure of approximately 34.5 
kPa (5.0 psi). Overpressures recorded for Structures C and D 
were 21.37 kPa (3.1 psi) and 27.58 kPa (4.0 psi), respectively. 



None of the five test panels were damaged when subjected to the 
pressures recorded in this test. 

Test No. 4 

Since none of the test panels sustained any damage 
in test no. 3, they were left in-place and the four test 
structures were relocated closer to Ground Zero to achieve the 
following overpressures: 13.8 kPa (2.0 psi) at Structure A, 27.6 
kPa (4.0 psi) at Structure B, 34.5 kPa (5.0 psi) at Structure C 
and 41.4 kPa (6.0.psi) at Structure D. 

The overpressures recorded were 8.96 kPa (1.30 
psi), 21.37 kPa (3.1 psi), 27.58 kPa (4.0 psi) and 38.61 kPa (5.6 
psi) at Structures A, B, C and D, respectively. As was the case 
with the three prior tests, no damage was inflicted on any of the 
test panels. 

Test No. 5 

The five panels tested in the previous trial were 
left in-place and the four test structures were moved to Ground 
Zero in order to subject the panels to higher blast loads. After 
being relocated, the four structures were subjected to the 
following overpressures in test no. 5: 13.79 kPa (2.0 psi) at 

Structure A, 31.03 kPa (4.5 psi) at Structure B, 38.61 kPa (5.6 
psi) at Structure C and 46.16 kPa (7.0 psi) at Structure D. At 
these overpressure levels, all of the test panels sustained some 
damage. Typical panel damage consisted of permanent deflections 
as well as local buckling at the midspans of the various test 
sections and kinking at the interior supports of the three-span 
roof panels. The Cyclops panel on the roof of Structure A 
suffered a maximum deflection of 19.1 millimeters (0.75 inch) in 
the exterior span nearest the explosion (fig. 23) as well as 
kinks at the interior supports (fig. 24). Similar damage was 
observed on the UKX 20-20 panel and the NKX 20-20 test panels on 
the roofs of Structure B and D, respectively. Maximum permanent 
deflections recorded were 19.1 millimeters (0.94 inch) for the 
NKX panel. The simply-supported UKX 16-16 panel on the blastward 
face of Structure B sustained a permanent deflection of 12.7 
millimeters (0.50 inch) together with considerable local buckling 
of the raised portion of the hat section as shown in figure 25. 
The UKX 18-18 panel on Structure C had negligible damage. There 
was no visible damage to any of the connections. Structures A 
and B sustained some damage during this test. The plywood 
backing for the window frame openings were blown inward and the 
boards covering the 0.18-meter (7.0-inch) vent holes on one of 
the window frame openings on Structure B were blown off. 
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Although the damage resulted in some pressure leakage into 
Structures A and B, it is believed that the peak panel responses 
would have occurred before a significant internal pressure 
build-up took place. There was also evidence of movement of 

Structure B during the test as shown in figure 26. 

Test No. 6 

The test panels on Structures A, B and D were 
replaced with new test specimens, while the UKX 18-18 panel 

remained on Structure C. The Cyclops panel on the roof of 
Structure A was replaced with a section 3-22 panel. A section 
3-18 and a UKX 18-18 were installed on the roof and blastward 
wall of Structure B, and Structure D was fitted with a new NKX 
20-20 panel in place of the one used in test no. 5. The four 

test structures were moved closer to Ground Zero as shown in 

figure 19. The overpressures at the four structures were 22.06 
kPa (3.2 psi), 31.03 kPa (4.5 psi), 48.95 kPa (7.1 psi) and 65.5 

kPa (9.5 psi) at Structures A, B, C and D, respectively. The 

panels on Structures A, B and D sustained significant damage, 
while the panel on Structure C received no additional damage. 
The damage observed was similar to that which occurred in test 
no. 5. The section 3-22 panel on the roof of Structure A 

sustained a 33.2-mi 11imeter (1.31-inch) deflection in the 

blastward span as well as kinks at the interior supports. The 
section 3-18 panel on the roof of the UKX 18-18 panel on the 
blastward wall of this structure was severely damaged (fig. 27) 
and was left with permanent midspan deflections of upwards of 
63.5 millimeters (2.5 inches). The NKX 20-20 on Structure D was 
also severely damaged as shown in figure 28. A maximum permanent 
deflection of 44.5 millimeters (1.75 inches) was measured in the 
blastward span. As was the case in test no. 5, there was no 
damage to any of the connections. 

Test No. 7 

Structures A, B and D were fitted with new panels 
for the final test. A Sec. 3-20 panel was installed on the roof 
of Structure A, while Sec. 3-20 and Sec. 3-18 panels were 
installed on the roof and blastward wall of Structure B. A NKX 
18-18 was installed on Structure D. The four test structures 
were relocated to the positions shown in figure 20 where 
overpressures of 31.03 kPa (4.5 psi), 38.61 kPa (5.6 psi), 75.84 
kPa (11.0 psi) and 103.35 kPa (15.0 psi) occurred at Structures 
A, B, C and D, respectively. All of the test panels received 
damage similar to that which occurred in the previous two tests. 
The maximum permanent deflections recorded were: 28.6 

millimeters (1.13 inches) on the roof panel of Structure A; 47.8 
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millimeters (1.88 inches) on the roof and wall panels installed 
on Structure B; 31.8 millimeters (1.25 inches) on the UKX 18-18 
panel on Structure C, and 15.9 millimeters (0,63 inch) on the 
panel mounted on Structure D. Damage to the roof panels of 
Structures B and C is shown in figures 29 and 30, respectively. 
All of the panel connections survived the blast pressures 
undamaged. The plywood backing for one of the window frame 
openings on Structure A was blown inward. 
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EVALUATION OF TEST RESULTS 


Introduction 

An evaluation of the test results indicated that the test 
panels exhibited considerably greater blast capacities than those 
predicted by the procedures and criteria provided in reference 2. 
Specifically, the strengths exhibited by the test panels were 
significantly greater than their computed strengths. 
Furthermore, as illustrated in figures 23 through 30, the test 
panels were able to sustain larger than anticipated plastic 
deformations without suffering severe damage or complete failure. 
It is conceivable that the damaged panels may have been able to 
withstand even greater pressures. It was also apparent that open 
type cross-sections performed as well under the blast loads as 

closed type cross-sections. Further discussions of the above 
conclusions are contained in the remainder of this section. In 
addition, recommendations are set forth for revising the criteria 
and procedures of reference 2 for the design of cold-formed steel 
panels. Details of the modified criteria and procedures are 
provided in appendix A. 

Increased Strength of Test Panels 

General 

It became apparent during the Test Program that the 

test panels possessed considerably greater strength, in both 

flexure and shear, than that predicted by the procedures provided 
in reference 2, for the design of cold-formed steel panels. In 
the first four tests, the panels were subjected to pressures 
considerably greater than their computed blast resistances 
without sustaining any permanent deformations. In tests nos. 5 
through 7, the deformations sustained by the panels were far less 
than those predicted by current design procedures. To illustrate 
this point, analyses of the damaged panels were performed to 

determine their peak responses when subjected to the actual blast 
pressure acting on them during the tests. These pressures are 

given in tables 4 and 5. Since there were no measurements of the 

actual pressure-versus-time histories on the test structures, as 
well as inconsistencies in the recorded pressure histories, the 
positive phase durations of the incident pressures had to be 

extrapolated, utilizing the measured pressure data available 
together with the methods and data provided in chapter 4, 

reference 6. 

Extrapolation for the blast load durations proceeded in 
the following manner. First, an equivalent scaled distance, Z^, 
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was determined for each test structure (in each of the tests). 
This quantity was determined by reading off of the appropriate 
curve in figure 4-12 of reference 6, the value of Z corresponding 
to the incident pressure at the structure (given in either table 
4 or 5). Next, an equivalent charge weight was computed by 
dividing the actual distance (R) from the test structure to 
Ground Zero by the equivalent scaled distance, Zf, and cubing the 
result [Wf: = (R/Ze) 3 ]. Then, the scaled incident impulse, 

corresponding to the incident pressure at the structure, was read 
off the curves in figure 4-12 (ref. 6) and the incident impulse 
was computed by multiplying this scaled impulse by the cube root 
of the equivalent charge weight. From this, an estimate of the 
positive phase duration was computed by assuming a linear decay 
and then dividing the incident impulse by the peak positive 
incident pressure and multiplying the result by a factor of two 

(2i s /P so )• 


The procedures given in reference 2 were utilized to 
compute the flexural resistances and equivalent stiffnesses for 
the analyses of the damaged panels. The loading for the analyses 
of the roof panels consisted of a linear approximation of the 
incident pressure waveform that was computed as described above. 
A piecewise linear (bilinear) waveform was used for analyzing the 
wall panels. This loading consisted of a linear approximation to 
the reflected pressure pulse (with a duration equal to the 
clearing time) superimposed on the incident pressure waveform. 

The computed responses of the damage panels are given 
in table 6, in terms of the permanent deflection in the end span 
of each roof panel and at the mid-span of each wall panel. Note 
that in some cases, especially those involving the Section 3 
panels, the predicted deflections are excessive and would signify 
failure of the test panels. The absence of any panel failures, 
as well as the smaller permanent deflections recorded for the 
actual test specimens (in tables 4 and 5), support the conclusion 
that the strength of the test panels greatly exceeded that 
predicted by the procedures in reference 2. The disparity 
between exhibited and predicted panel strengths was attributed to 
two causes. First, from tensile tests it was realized that the 
actual yield strength of the material used to fabricate the 
panels was considerably greater than its specified minimum yield 
strength. Second, the test panels were able to sustain 

significant yielding of their cross-sections under the dynamic 
loading. This produced an increase in the ultimate moment 
capacities of the panels which yielded a corresponding increase 
in their flexural resistances. Therefore, future selections of 
panels should consider: 






1. The actual yield stresses of the materials used to 
fabricate the panels, and 

2. The ability of cold-formed steel panels to sustain 
yielding of their cross-sections when subjected to 
short duration dynamic loads. 

Effects of Actual Strength of Panel Material 

As stated in reference 2, the blast-resistant design of 
cold-formed steel panels is based on the minimum yield stress of 
the material used to fabricate them. Since most commercially 
available panels are fabricated using ASTM A-446, Grade A sheet, 
the criteria and procedures given in reference 2 are based on the 
minimum specified yield stress of this material, which is 227,500 
kPa (33,000 psi). The test panels were also fabricated from this 
material. However, it is generally known that the yield stress 
of the material used in the manufacture of cold-formed panels 
generally exceeds the specified minimum yield stress by a 
significant margin. To establish this fact, tensile tests were 
performed on specimens taken from the test panels. These tests 
were conducted by the Pittsburgh Testing Laboratory of Salt Lake 
City, Utah. The report furnish by the laboratory is provided in 
figures 31 and 32. Specimens taken from the test panels are 
listed below. The letters "T" and "F" next to some of the panel 
designations indicated that the. specimen was taken from the top 
hat and flat sheet of the panel, respectively. 

Lab Specimen Designation Test Panel 


Sample 

No. 1 

4 inches, ribbed 

Sample 

No. 2 

4 inches, ribbed 

Sample 

No. 3 

Section 3-22 

Sample 

No. 4 

Section 3-22 

Sample 

No. 5 

Section 3-20 

Sample 

No. 6 

Section 3-20 

Sample 

No. 7 

Section 3-18 

Sample 

No. 8 

Section 3-18 

Sample 

No. 9 

Section 3-16 

Sample 

No. 10 

Section 3-16 

Sample 

No. 11 

UKX 20-20T 

Sample 

No. 12 

UKX 20-20F 

Sample 

No. 13 

UKX 20-20T 

Sample 

No. 14 

UKX 20-20F 

Sample 

No. 15 

UKX 18-18T 
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UKX 18-18F 
UKX 18-18T 
UKX 18-18F 
UKX 18-18T 
UKX 16-16F 

UKX 16-16T 
UKX 16-16F 
NKX 20-20T 
NKX 20-20F 
NKX 20-20T 

NKX 20-20F 
NKX 18-18F 
NKX 18-18T 
NKX 18-18F 
NKX 18-18T 

The tensile tests revealed that the sheet stocks used 
to manufacture the test panels had static yield stresses ranging 
from a minimum of 296,000 kPa (43,000 psi) to a maximum of 

393,000 kPa (57,000 psi) with an average of about 331,000 kPa 
(48,000 psi). It was also seen that the top hats of panels with 
closed type cross-sections (UKX and NKX panels) had yield 
stresses up to 15 percent larger than those recorded for the flat 
sheets of the same panels. The larger yield stresses recorded 
for the top hats are probably the result of the cold working of 
these sheets. It is generally known that cold working can 

produce increases in the yield stresses of up to 20 percent. 

The larger yield stresses measured for the test panel 
materials have significant effects on the panel responses. Table 
6 shows that the fundamental periods of the test panels are 
relatively short compared to the fictitious durations given for 
the blast loads. The range of T/T^j (ratio of fictitious duration 
to natural period of panel) given in table 6 for the damaged test 
panels varies from a minimum value of 1.37 to a maximum value of 
3.00. In this response range, the peak panel responses are 
extremely sensitive to the magnitudes of the applied loads and 

the member's resistance. A change in the magnitude of either one 
of these parameters is magnified into a much greater change in 

the member's response. To illustrate this point, the test panel 
responses were recomputed using the actual yield stresses of the 
material used to fabricate them. In order to provide a more 
meaningful comparison between the computed and actual resistances 
of the test panels, the 10 percent increase on the peak pressure, 
specified in reference 2, was not used in the computation. 


Sample No. 16 
Sample No. 17’ 
Sample No. 18 
Sample No. 19 
Sample No. 20 

Sample No. 21 
Sample No. 22 
Sample No. 23 
Sample No. 24 
Sample No. 25 

Sample No. 26 
Sample No. 27 
Sample No. 28 
Sample No. 29 
Sample No. 30 


16 







A comparison of the calculated permanent deflections 
given in tables 6 and 7 shows that the utilization of the actual 
material yield stresses significantly reduces the computed panel 
responses. Reduction in the calculated deflections range from a 
minimum value of 51 percent for the Section 3-20 roof panel in 
test no. 7 to a maximum value of 85 percent for the UKX 20-20 
roof panel in test no. 5. The average reduction in the computed 
deflections is 69 percent. However, in almost all of the cases, 
the computed permanent deflections in table 7 are still in excess 
of. the measured permanent deflections. In the table, the 
measured deflections given are the average of the recorded 
deflections on the span with the most damage. It is apparent, 
from the discussion above, that the actual resistances of the 
test panels exceeded their computed resistances, even when the 
actual material yield stresses were used. In addition, it is 
concluded that the use of a 10 percent factor on the peak 
pressure is not required for the blast-resistant design of 
cold-formed steel panels. 

Effect of Dynamic Loads on Hinge Formation Capabilities of 
Cold-Formed Steel Panels 

The special provisions fdr the blast-resistant design of 
cold-formed steel panels given in reference 2 were based on the 
assumption•• that the behavior of such members is essentially the 
same under both static and dynamic loadings. Briefly, under 
static loads, the load-carrying capacity of a cold-formed steel 
panel is reduced abruptly upon yielding of the most stressed 
outer fibers. Progressive yielding of the section, resulting in 
the formation of .a plastic hinge, does not occur with cold-formed 
members due to their large width/thickness, w/t, ratios. The 
depth/thickness and/or width/thickness ratios are of such 
magnitudes that the member will buckle locally at stresses below 
the yield point, if subjected to compression, shear, bending or 
bearing. As a result, utilization of the full capacity of the 
section is not considered possible and therefore, for design 
purposes, the flexural resistance of the member is limited. 
Also, in continuous members, the inability of cold-formed panels 
to sustain any appreciable hinge formation (successively) limits 
the redistribution of moments and consequently the utilization of 
the full capacity of more cross-sections of the member at 
ultimate load. Since limited data on the load-deformation 
responses of cold-formed panels is available, it was considered 
prudent to utilized the provisions in the AISI Specifications 
(ref.' 1.) as a basis for the blast-resistant design of cold-formed 
panels and allow for a limited amount of plastic behavior and 
moment redistribution in the design. 
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However, the test results demonstrated that cold-formed 
panels exhibit a greater ability to sustain yielding of their 
cross-sections than was assumed in the formulation of the design 
criteria. This conclusion is based on the comparison of the 
measured and calculated wall panel deflections given in table 7. 
The smaller measured deflections, for two out of three panels, 
indicate that the actual resistances of these panels were 
somewhat greater than the values computed using those provisions 
listed in reference 2. Since the wall panels were simply 

supported members, the increase in their resistances over the 
calculated values could only be produced by the development of 
moments in these members. These moments were greater than those 
producing yielding of the highest-stressed outer fibers of the 
cross-sections of the members. Hence, some yielding of the 
cross-section must have occurred. 

The ability of the test panels to sustain yielding of their 
cross-sections (demonstrated by test results) produced 

significant moment re-distribution in the continuous panels which 
had the effect of increasing their resistances over the values 
computed using the provisions of reference 2. This becomes 
apparent by comparing the computed and measured deflections for 
the roof panels in table 7. For nine out of eleven roof panels, 
the computed permanent deflections exceed the measured 
deflections. The average of the ratios of the calculated to the 
measured deflections for these nine panels is 4.4. Even under 
static loads, cold-formed panels exhibit significant moment 

re-distribution capabilities. 

Recommended Changes in Methods of Computing Resistances and 
Stiffnesses of Cold-Formed Steel Panels 

Tables 8 and 9 list those parameters required for the 
analysis of the test results. The values of the peak pressure, 

fictitious duration (t), and permanent deflection (Xn) were 
obtained from the test data. The values of the natural period 

(T n ), elastic deflection (X[r), and the actual resistance (r a ) 
were determined from modified procedures given in reference 2. 
These modifications include the calculation of the natural period 
and the elastic deflection using the total rather than the 
effective moment of inertia and using the actual yield stress 
(average of several specimens) rather than the minimum stress. 
The required resistances (r u ) for the continuous members (table 
8) were calculated using the modified formula 

r u = 4 (M un + 2 M U p)/L^ 
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where M un is the ultimate negative moment capacity for 
one-foot width of panel, and M is the ultimate posi¬ 
tive moment capacity for one-foot width of panel. Jt is 
seen from table 8 that the average of the ratio of the 
required resistance (using the modified formula above) 
to the actual resistance is equal to 1.1 and the root 
mean square is equal to 0.209, indicating that this 
formula provides slightly conservative results. The 
conclusions and recommendations reached as a result of 
the test results and analyses are presented in the 
following section. 
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CONCLUSIONS AND RECOMMENDATIONS 


On the basis of the discussions in the preceding sections, 
the following conclusions and recommendations for revised 
criteria of reference 2 are offered: 

1. The increased strength observed in the tests are due, 
in part, to the actual static yield stresses which 
exceeded the minimum stress at yield of 227,500 kPa 
(33,000 psi). The actual static yield stresses were 
found to range from 296,000 kPa (43,000 psi) to 393,000 
kPa (57,000 psi) with an average of about 331,000 kPa 
(48,000 psi). Thus, this represents an average 
increase of about 40 percent over the minimum yield 
stress. Although this average increase cannot be 
expected in all cold-formed members, some increase in 
strength of the steel above the minimum should be 
considered in design. A static yield stress of 276,000 
kPa (40,000 psi) should be utilized for the design or 
evaluation of all cold-formed panels fabricated from 
ASTM A-446, Grade A sheet, unless the actual yield 
stress of the material is known. When higher strength 
steels are used, the specified minimum yield stress of 
the material should be used, unless the actual yield 
stress is known. 

2. The flexural resistances of a simply fixed panel or a 

continuous panel of equally spaced spans should be 
computed using the equation below in lieu of equation 
3.25 of reference 2: 

r„ - 4(M un + 2 M up )/l2 

3. The 10 percent factor on the peak pressure stated in 

reference 2 is not required and, therefore, should be 
left out. 

4. Where the maximum shear forces and dynamic reactions 

exceed the ultimate load-carrying capacity of the web 
of the panel, the design of the member must be based on 
the resistance computed as a function of either the 
shear or crippling capacities of the web,, as the case 
may be. 

5. The maximum ductility ratio criteria of 1.25 for 

reusable structures and 1.75 for non-reusable 
structures (ref. 2) can be increased to 3.0 and 6.0, 
respectively. 




20 






6. The maximum support ratio criteria of 0.9 degree and 

1.8 degrees for reusable and non-reusable structures 
(ref. 2) can be increased to 2.0 and 4.0, respectively. 
However, it should be realized that with the use of 
these larger rotations, permanent displacements similar 
to those of figures 25 and 28 may be expected. 

7. Future calculations for the natural period and for 

elastic deflections should utilize the total moment of 
inertia rather the effective moment of inertia of 
reference 2. 

8. Tests up to 5 psi have indicated that open hat shapes 

(Section 3 and 4-inch ribbed panels shown in figure 10) 
can be used for applications in the low pressure range 
rather than only closed sections (UKX and NKX) as 

recommended in reference 2. 

9. Standard screw-type connections performed 

satisfactorily in blast tests up to 5 psi. 
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Table 1 


Types and sizes of panels tested 


Sizes 



Length 


Width 

Section 

Number 





and 

of 

m 

(f t - i n) 

m 

(ft-in) 

gage 

panels 

4.6 

(15-1) 

0.6 

(2-0) 

Section 3-22 

2 

4.6 

(15-1) 

0.6 

(2-0) 

Section 3-20 

4 

4.6 

(15-1) 

0.6 

(2-0) 

Section 3-18 

2 

1.4 

( 4-6) 

0.6 

(2-0) 

Section 3-16 

2 

4.6 

(15-1) 

0.6 

(2-0) 

UKX 20-20 

4 

1.4 

( 4-6) 

0.6 

(2-0) 

UKX 18-18 

2 

4.6 

(15-1) . 

0.6 

(2-0) 

UKX 18-18 

2 

1.4 

( 4-6) 

0.6 

(2-0) 

UKX 16-16 

3a 

4.6 

(15-1) 

0.6 

(2-0) 

NKX 20-20 

4 

4.6 

(15-1) 

0.6 

(2-0) 

NKX 18-18 

2 

4.6 

(15-1) 

0.6 b 

(2-0) 

Cyclops, 24-gage, 

2 


4-inch ribbed 


a 0ne panel damaged in transit, 
bpanel cut from 0.95-m (37.5-in) width. 
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Schedule of cold-formed steel test*panels and types of connection 
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Summary of blast overpressure and duration data - Tests Nos. 1 through 7 
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a No data - Instrument failure. 
^No data - Sweeptime too short. 














Summary of blast overpressure and duration data - Tests Nos. 1 through 7 
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Summary of test results for panels on Structures C and D 
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a Data interporated from Figure 13. 
^MD - Maxium deflection of panels. 


















Responses of damaged panels using actual yield stresses of material 
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Responses of damaged simply supported panels using the modified procedures 
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Figure 5. Test Structure 
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Figure 7. Hole for puddle weld 
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Figure 8. Typical puddle weld connection 












SELF-TAPPING SCREW CONNECTION 


Figure 9. Details of bolt and screw connection 
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Figure 10 Typical charge 
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Figure 11. Container with explosive charge 
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Figure 12. Detonation of charge 
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Figure 13. Typical gage mount 
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Figure 14. Set-up for Test 1 


46 





Figure 15. Set-up for Test 2> 
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Figure 19. Set-up for Test 6 
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Figure 20. Set-up for Test 7 
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Figure 21. Typical pressure-versus-time history 
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Figure 22. Pressure-versus-distance to charge curves 
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Figure 23 Buckling of Cyclops panel on roof of Structure A 
















Figure 24. Kinks at the interior supports of panel 
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Figure 25 Permanent deflection in panel on blastward face 
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Figure 26. Cracked foundation at Structure 
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Figure 27. Buckling of the UKX 18-18 panel 
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Figure 28. Buckling of the NKX 20-20 panel 
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Figure 29. Damage to roof of Structure 
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Figure 30. Damage to roof of Structure C 
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APPENDIX A 


Introduction 

Based upon the discussions presented in the previous 
section, the methods and procedures of reference 2 pertaining to 
the blast design of cold-formed steel panels have been revised 
and portions of section 3.7 of the referenced report are given 

below. 

Special Provisions For Cold-Formed Steel Panels 

General 

Recent studies on cold-formed panels have shown that 
the effective width relationships for cold-formed light gage 
elements under dynamic loading do not differ significantly from 
the static relationships. Consequently, the recommendations 
presented in the AISI Specifications are used as the basis for 

establishing the special provisions needed for the design of 
cold-formed panels to resist pressure-time loading. Some of the 
formulas of the Specification have been extended to comply with 
ultimate.load conditions and to permit limited performance in the 
inelastic range. 

Two main modes of failure can be recognized, one 
governed by flexure and the other by shear. In the case of 

continuous members, the interaction of the two influences plays a 
major role in determining the behavior and the ultimate capacity. 
Due to the relatively thin webs encountered in cold-formed 

members, special attention must also be paid to crippling 
problems. Basically, the design will be dictated by the capacity 
in flexure but subject to the constraints imposed by shear 
resistance and local stability. 

Resistance in Flexure 

The material properties of the steel used in the 
production of cold-formed steel panels conformed to ASTM 
Specification A 446. This standard covers three grades (a, b, 
and c) depending on the yield point. Most commonly, panels are 
made of steel complying with the requirements of grade a, with a 
minimum yield point of 33 ksi and an elongation of rupture of 20 
percent for a 2-inch gage length. However, it is generally known 
that the yield stress of the material used in the manufacture of 
cold-formed panels generally exceeds the specified minimum yield 
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stress by a significant margin; therefore, it is recommended that 
a minimum yield stress of 40 ksi be used unless the actual yield 
stress of the material is known. 

In calculating the dynamic yield stress of cold-formed 
steel panels, it is recommended that a dynamic increase factor of 
1.1 be applied irrespective of actual strain rate and, 
consequently, the value to be used in design will be 

F dy - 1.1 F y (A.l) 

and hence, F d y equals 44.0 ksi (0.30 x 10^ kPa) for the 
particular case of 40-ksi (0.28 x 10^ kPa) steel. 

Ultimate design procedures, combined with the effective 
width concept, are used in evaluating the strength of cold-forrned 
light gage elements. Thus, a characteristic feature of 
cold-formed elements is the variation of their section properties 
with the intensity of the load. As the load increases beyond the 
level corresponding to the occurrence of local buckling, the 
effective area of the compression flange is reduced; as a result, 
the neutral axis moves toward the tension flange with the 
effective properties of the cross-section such as A, I and S, 
decreasing with load increase. The properties of the panels, as 
tabulated by the manufacturer, are related to different stress 
levels. The value of S referred to that of the effective section 
modulus at ultimate and the value of I related to a service 
stress level of 20 ksi. In the case of panels fabricated from 
hat sections and a flat sheet, two section moduli are tabulated, 
S + and S", referring to the effective section modulus for 
positive and negative moments, respectively. Consequently, the 
following ultimate moment capacities are obtained: 

M up = F d y S+ (A.2) 

Mun = F d y S- (A.3) 

where M U p = ultimate positive moment capacity for a one- 
foot width of panel 

M un = ultimate negative moment capacity for a one- 
foot width of panel. 

It should be noted that in cases where tabulated 
section properties are not available, the required properties may 
be calculated based upon the relationships in the AISI Design 
Specification. 
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As for any single-span flexural element, the panel may 
be subjected to different end conditions, either simply supported 
or fixed. The fixed-fixed condition is seldom found in practice 
since this situation is difficult to achieve in actual 

installations. The simply fixed condition is found because of 
symmetry in each span of a two-span continuous panel. For 

multi-span members (three or more), the response is governed by 
that of the first span which is generally characterized by a 

simply supported condition at one support and a partial moment 
restraint at the other. Three typical cases can, therefore, be 
considered: 

1. Simply supported at both ends (single span). 

2. Simply supported at one end and fixed at the other 
(two equal span continuous member). 

3. Simply supported at one end and partially fixed at 

the other (first span of an equally spaced 

multi-span element). 

The resistance of the panel is a function of both the 
strength of the section and the maximum moment in the member. As 
demonstrated by recent tests, the ability of the panel to sustain 
yielding of its cross-section produces significant moment 

re-distribution in the continuous member which results in an 

increase of the resistance of the panel. 

Consequently, for design purposes, the following 

resistance formulas are recommended: 

1. Simply supported, single-span panel 

r u = (8 M up )/L2 (A.4) 

2. Simply fixed, single-span panel or first span of 
an equally spaced continuous panel 

r u = 4(M un + 2M up )L2 (A.5) 

where r u is the resistance per unit length of the panel. 

As mentioned in the previous sections, the behavior of 
cold-formed sections in flexure is non-linear as shown in figures 
A-l and A-2. A bilinear approximation of the 

resistance-deflection curve is assumed for design. The 

equivalent elastic deflection is obtained by using the 

following equation: 
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X E = (e r u L 4 )/EI 20 (A.6) 

where 3 is a constant depending on the support conditions as 
follows: 

/ 3 = 0.0i30 for a simply supported element 

3 = 0.0062 for simply fixed or continuous 
elements. 

120 is defined as the e ffegi s v e moment of inertia of 

the section at a service stress of 20 ksi (0.14 x 10^ kPa). The 
value of I 20 is generally tabulated as a section property of the 
panel. 

Figure A-3 illustrates the non-linear character of the 
resistance-deflection curve and the suggested bilinear 
approximation. Xj is defined as the maximum deflection at 

maximum resistance and X u is the ultimate deflection after the 
drop is load-carrying capacity. Based on experimental evidence, 
the ratio of Xj/X E has ben estimated to range between 2.0 and 
2.5. The amount of plastic deformation which is acceptable in 

design will vary in magnitude depending on the reusability or 

non-reusability of the panel after an accidental explosion. 

The extent of plastic behavior is expressed in terms of 
a ductility ratio y = X m /X E . In Figure A-3, (X m ) r and (X m ) n 

designate the maximum deflections for reusable and non-reusable, 
respectively. Based upon the recommendations the previous 
section, the criteria have been changed to: 

y = (X m ) r /Xc = 3.0 for reusable 

(A.7) 

and y = (X m )n/X E = 6.0 for non-reusable. 

The maximum displacements are kept below the deflection, 
corresponding to maximum resistance, in order to prevent any 
serious impairment to the element. 


In addition, in order to restrict the magnitude of 
rotation at the supports, limitations are placed on the maximum 
deflections, namely: 


(Ur * L/57 or 9 max » 2.00 
(Xm)n = L/29 or 6 max =4.0° 


(A.8) 


for reusable and non-reusable elements, respectively. 
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When performing a one-degree-of-freedom analysis of the 
panel's behavior, the properties of the equivalent system can be 
evaluated by using a load-mass factor, K|_m = 0.74, which is an 
average value applicable to all support conditions. The natural 
period of vibration for the equivalent single-degree system is 
thus obtained by 

T n = 2tt/ 0.74mL/Kfr (A-9) 
where m = w/g is the unit mass of the panel and 

= r u L/X^ is the equivalent elastic stiffness 
of the system. 

The problem of rebound should be considered in the 
design of decking due to the different section properties of the 
panel , depending on whether the hat section or the flat sheet is 
in compression. Figure A.4 presents the maximum elastic 
resistance in rebound as a function of T/T^. While the behavior 
of the panel in rebound does not often control, the designer 
should be aware of the problem; in any event, there is a need for 
providing connections capable of resisting uplift or pull-out 
forces due to load reversal in rebound. 

In conclusion, due a to limited amount of experimental 
data available on the performance of cold-formed, light gage 
elements in the inelastic domain, the overall level of confidence 
in the design of that type of element should be considered lower 
than that of hot-rolled sections. 

Resistance in Shear 

Webs with h/t in excess of 60 are common among 
cold-formed members and the fabrication process makes it 
impractical to use stiffners. The design web stresses must 
therefore be limited to insure adequate stability without the aid 
of stiffners, thereby preventing premature local web failure and 
the accompanying loss of load-carrying capacity. 

The possibility of web buckling due to bending stresses 
exists and the critical bending stress is given by 

F cr = 640,000/ (h/t) 2 _< F y (A-10) 

Equating F cr to 32 ksi (a stress close to the yielding of the 
material), a value h/t = 141 is obtained. Since it is known that 
webs do not actually fail at these theoretical buckling stresses 
due to the development of post-buckling strength, it can be 
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safely assumed that webs with h/t < 150 will not be susceptible 
to flexural buckling. Moreover, since the AISI recommendations 
prescribe a limit of h/t = 150 for unstiffened webs, this type of 
web instability need not be considered in design. 

Panels are generally manufactured in geometrical 
proportions which preclude web-shear problems when used for 
recommended spans and minimum support-bearing lengths of 2 to 3 
inches. In blast design, however, because of the greater 
intensity of the loading, the increase in required flexural 
resistance of the panels calls for shorter spans. 

In most cases, the shear capacity of a web is dictated 
by instability due to either 

1. Simple shear stresses or 

2. Combined bending and shearing stresses. 

For the case of simple shear stresses, as encountered 
at end supports, it is important to distinguish three ranges of 
behavior depending on the magnitude of h/t. For large values of 
h/t, the maximum shear stress is dictated by elastic buckling in 
shear and for intermediate h/t values, the inelastic buckling of 
the web governs;, whereas for very small values of h/t, local 
buckling will not occur and failure will be caused by yielding 
produced by shear, stresses. This point is illustrated in figure 
A.5 for Fy = 40 ksi. The provisions of the AISI Specification in 
this area are based on a safety factor ranging from 1.44 to 1.67 
depending upon h/t. For blast-resistant design, the recommended 
design stresses for simple shear are based on an extension of the 
AISI provisions to comply with ultimate load conditions. The 
specific equations for use in design for Fy = 40, 60 and 80 ksi 
are summarized in tables A-l (a), A-Z (a) and A-3 (a), 
respectively. 

At the interior supports of continuous panels, high 
bending moments combined with large shear forces are present and 
webs must be checked for buckling due to these forces. The 
interaction formula presented in the AISI Specification is given 
in terms of the allowable stresses rather than critical stresses 
which produce buckling. In order to adapt this interaction 
formula to ultimate load conditions, the problem of inelastic 
buckling under combined stresses has been considered in the 
development of the recommended design data. 

In order to minimize the amount and complexity of 
design calculations, the allowable dynamic design shear stresses 
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at the interior support of a continuous member have been computed 
for different depth-thickness ratios for Fy = 40, 60 and 80 ksi, 
and tabulated in tables A-l (b), A-2 (b) and A-3 (b), 

respectively 

Web Crippling 

In addition to shear problems, concentrated loads or 
reactions at panel supports, applied over relatively short 
lengths, can produce load intensities that can cripple 
unstiffened thin webs. The problem of web crippling is rather 
complicated for theoretical analysis because it involves: 

1. Non-uniform stress distribution under the applied 
load and the adjacent portions of the web. 

2. Elastic and inelastic stability of the web 

element. 

3. Local yielding in the intermediate region of load 
application. 

4. The bending produced by the eccentric load (or 
reaction) when it is applied on the bearing flange 
at a distance beyond the curved transition of the 
web. 

The AISI recommendations have been developed by 
relating extensive experimental data to service loads with a 
safety factor of 2.2 which was established taking into account 
the scatter in the data. For blast design of cold-forrned panels, 
it is recommended that the AISI values be multiplied by a factor 
of 1.50 in order to relate the crippling loads to ultimate 
conditions with sufficient provisions for scatter in test data. 

For those sections that provide a high degree of 
restraint against rotation of their webs such as I-beams made by 
welding two angles to a channel, the ultimate crippling loads are 
given as follows: 

1. Acceptable ultimate end support reaction 

Q u = 1.5 F y t 2 (4.44 + 0.558 /Wt) 

2. Acceptable ultimate interior support reaction 

Q u = 1.5 Fyt 2 (6.66 + 1.446 /JR 
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where 


Q u = ultimate support reaction 
Fy = yield stress 
N = bearing length 
t = web thickness. 

The charts in figures A.6 and A.7 present the variation 
of Q u as a function of the web thickness for bearing lengths from 
1 to 5 inches, for end and interior supports, respectively, 
tables A.4 through A.7 present the same variation of Q u for Fy = 
60 and 80 ksi, respectively. It should be noted that the values 
reported in the charts and tables relate to one web only, the 
total ultimate reaction being obtained by multiplying Q u by the 
number of webs in the panel. 

In design, the maximum shear forces and dynamic 
reactions are computed as a function of the maximum resistance in 
flexure. The ultimate load-carrying capacity.of the webs of the 
panel must then be compared with these forces. As a general 
comment, the shear capacity is controlled by simple shear 
buckling or web crippling for simply supported elements and by 
the allowable design shear stresses at the interior supports for 
continuous panels. 

In addition, it can be shown that the resistance in 
shear governs only in cases of relatively very short spans. If a 
design is controlled by shear resistance, it is recommended that 
another panel be selected since a flexural failure mode is 
generally preferred. However, for existing installations that 
are to be checked for their structural strength in a certain 
pressure range, the maximum resistance of the panel may be 
determined by either flexure or shear, whichever controls. 
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Table A-l. Dynamic design shear stress for webs of 
cold-formed members (Fy = 40 ksi) 

(a) Simple Shear 

(h/t) < 57 F dv = 0.50F dy < 22.0 ks 

57 < (h/t) <_ 83 F dv = 1.26 x 10 3 /(h/t) 

83 < (h/t) < 150 F dv = 1.07 x 10 5 /(h/t) 
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Table A-2. Dynamic design shear stress for webs of 
cold-formed members (Fy = 60 ksi) 

(a) Simple Shear 

(h/t) .< 47 F dv = 0.50F d y _< 33 ksi 

47 < (h/t) <_ 67 F dv = 1.54 x 10 3 /(h/t) 

67 < (h/t) <_ 150 F dv = 1.07 x 10 5 /(h/t) 

(b) Combined Bending and Shear 


oyt) 

F dv (ksi) 

20 

16.41 

30 

16.23 

40 

16.02 

50 

15.75 

60 

15.00 

70 

14.20 

80 

13.00 

90 

11.75 

100 

10.40 

110 

8.75 

120 

7.43 
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Table A-3. Dynamic design shear stress for webs of 
cold-formed members (Fy = 80 ksi) 

(a) Simple Shear 

(h/t) ^ 41 F dv = 0.50F dy 44 ksi 

41 < (h/t) <_ 58 F dv = 1.78 x 10 3 /(h/t) 

58 < (h/t) < 150 F dv = 1.07 x 10 5 /(h/t) 

(b) Combined Bending and Shear 


(h/t) 

Fdv ( ksi ) 

20 

21.60 

30 

21.00 

40 

20.00 

50 

18.80 

60 

17.50 

70 

16.00 

80 

14.30 

90 

12.50 

100 

10.75 

110 

8.84 

120 

7.43 
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Table A.4 Maximum end support reaction for cold-formed 
steel sections (Fy = 60 ksi) 

Q u = 1.5t 2 F y (4.44 + 0.558 JW/t) 

= 90t 2 (4.44 + 0.558 /N7tT ksi 


N = Bearing Length (in) 

Qu ( k si) 

Sheet 


thickness t 
(in) 

N = 1 

N = 2 

N = 3 

N = 4 

N = 5 

.02 

.30 

.36 

.41 

.45 

00 

• 

.04 

1.04 

1.22 

1.34 

1.44 

1.55 

.06 

2.18 

2.48 

2.72 

2.91 

3.09 

CO 

o 

• 

3.69 

4.17 

4.53 

4.83 

5.10 

.10 

5.58 

6.24 

6.75 

7.17 

7.55 

.12 

7.85 

8.70 

9.38 

9.93 

10.43 

.14 

10.47 

11.55 

12.39 

13.10 

13.71 

.16 

13.44 

14.78 

15.80 

16.67 

17.42 

.18 

16.79 

18.32 

19.59 

20.61 

21.53 

.20 

20.48 

22.34 

23.76 

24.98 

26.03 
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Table A.5 Maximum interior support reaction for cold-formed 
steel sections (Fy = 60 ksi) 

Q u = 1.5t 2 F y (6.66 + 1.446 Jn/t) 

= 90t 2 (6.66 + 1.446 jW/tj ksi 

N = Bearing Length (in) 

Qu (ksi) 

Sheet 


thickness t 
(in) 

N = 1 

N = 2 

N = 3 

N = 4 

N = 5 

.02 

.62 

.77 

00 

• 

• 

LO 

CO 

1.07 

.04 

2.00 

2.43 

2.76 

3.05 

3.29 

.06 

4.07 

4.86 

5.48 

5.99 

6.44 

00 

o 

• 

6.78 

8.00 

8.94 

9.72 

10.43 

.10 

10.11 

11.82 

13.13 

14.22 

15.20 

.12 

14.04 

16.28 

18.00 

19.46 

20.73 

.14 

18.57 

21.39 

23.55 

25.38 

26.99 

.16 

23.67 

27.12 

29.78 

32.01 

33.98 

.18 

29.36 

33.48 

36.63 

39.30 

41.64 

• 

no 

o 

35.61 

40.44 

44.13 

47.25 

50.01 


77 





Table A.6 Maximum end support reaction for cold-formed 
steel sections (Fy = 80 ksi) 

Q u = 1.5t 2 Fy(4.44 + 0.558 VWtT 
= 120t 2 (4.44 + 0.558 vHvT) ksi 


N = Bearing Length (in) 


Sheet 

thickness t 

(in) 


Qu 

(ksi) 



N = 1 

N = 2 

N = 3 

N = 4 

N = 5 

.02 

.40 

.48 

.54 

.60 

.64 

.04 

1.38 

1.62 

1.78 

1.92 

2.06 

.06 

2.90 

3.30 

3.62 

3.88 

4.12 

.08 

4.92 

5.56 

6.04 

6.44 

6.80 

.10 

7.44 

8.32 

9.00 

9.56 

10.60 

.12 

10.46 

11.60 

12.50 

13.24 

13.95 

.14 

13.96 

15.40 

16.52 

17.46 

18.28 

.16 

17.92 

19.70 

21.06 

22.22 

23.22 

.18 

22.38 

24.50 

26.12 

27.48 

28.70 

.20 

27.30 

29.78 

31.68 

33.30 

34.70 
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Table A.7 Maximum interior support reaction for cold-formed 
steel sections (Fy = 80 ksi) 

Q u = 1.5t 2 F y (6.66 + 1.446/N/t) 

= 120 t2(6.66 + 1.446 ksi 


N ='' Bearing Length (in) 

Qu (ksi) 

Sheet 


thickness t 
(in) 

N = 1 

N = 2 

N = 3 

N = 4 

N = 5 

.02 

.82 

1.02 

1.16 

1.30 

1.42 

.04 

2.66 

3.24 

3.68 

4.06 

4.38 

.06 

5,42 

6.48 

7.30 

7.98 

8.58 

.08 

9.04 

10.66 

11.92 

12.96 

13.90 

.10 

13.48 

15.76 

17.50 

18.96 

20.26 

.12 

18.72 

21.70 

24.00 

25.94 

27.64 

.14 

24.76 

28.52 

31.40 

33.84 

35.98 

.16 

31.56 

36.16 

39.70 

42.68 

45.30 

.18 

39.14 

44.64 

48.84 

52.40 

55.52 

.20 

47.48 

53.92 

58.64 

63.00 

66.68 
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Figure A.l. Behavior of open sections 




















(STIFFNESS CORRESPONDING TO l, A .) 



A.3. Bilinear approximation of resistance 
deflection curve for closed sections 













83 


Figure A.4. Elastic rebound of single-degree-of- 
freedom system 








FDV (Ksi) 



Figure A.5. Allowable dynamic (design) shear stresses 
for webs of cold-formed members(Fy=40 ksi) 
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Figure A.6. Maximum end support reaction for cold- 
formed steel sections (Fy= 40 ksi) 


85 











MAXIMUM REACTION PER WEB (KIPS) 



04 08 12 16 


SHEET THICKNESS (Ins.) 


Figure A.7. Maximum interior support reaction for 
cold-formed steel sections (F y = 40 ksi) 
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TIME 


40 ms 


o) PRESSURE LOADING 



b) ROOF DECKING CONFIGURATION 


Figure A.8. Pressure loading and roof decking configuration 
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Example: 


Design of Cold-Formed, Light Gage Steel Panels Subjected to 
Pressure-Time Loading. 

Problem: Design a roof deck as a flexural member which 
responds to pressure-time transverse loading. 

Step 1 Establish the design parameters. 

(a) Pressure-time loading, 

(b) Design criteria ( u max anc * 6 max f° r either a 
reusable or non-reusable cold-formed panel). 

(c) Span length and support conditions. 

(d) Mechanical properties of steel. 

Step 2 Determine an equivalent uniformly distributed 

static load for a 1-ft width of panel, using the 
following preliminary dynamic load factors. 

Reusable Non-Reusable 

DLF 1.65 1.40 

These load factors are based on an average value 
of T/Tn = 10.0 and the design ductility ratios 
recommended in equation 3.27. They are derived 
using figure 6-7 of TM 5-1300. 

Equivalent static load w = DLF x p x b 

b = 1 f t. 

Step 3 Using the equivalent load derived in step 2, 

determine the ultimate moment capacity (assume 
positive and negative are the same). 

(Section 3.7.2) 

Step 4 Determine required section moduli using equation 
A.2 or A.3. 

Select a panel. 
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Step 5 


Determine actual section properties of the panel: 

S + , S - , I, m = w/g (for 1-ft width of a panel). 

Step 6 Compute. r u , the maximum unit resistance per 1-ft 
width of panel using equation A.4 or A.5. 

Step 7 Determine the equivalent elastic stiffness, 
k E = r u L/X|:, using equation 3.26. 

Step 8 Compute the natural period of vibration. 

Tn = 2 it/ 0.74 mL/K|r (Equation A.9) 

Step 9 Calculate B/r u and T/T^. Enter figure 6-7 of TM 
5-1300 with the ratios B/r u and T/T^ to establish 
the actual ductility ratioy . 

Compare y with the criteria of section 2.3.3 of 
reference 2. If y is larger than the criteria 
value, repeat steps 4 to 9. 

Step 10 Compute the equivalent elastic deflection X E using 
X E = r u L/K E . 

Evaluate the maximum deflection, X m = X E . 

Determine maximum panel end rotation, 
tan 6 = X m /(L/2) 

Compare 0 with the criteria of section 2.3.3 (ref. 
2). If 8 is larger than specified in the 

criteria, select another panel and repeat steps 5 
to 10. 

Step 11 Check resistance in rebound using chart in Figure 
A.4. 

Step 12 Check panel for maximum resistance in shear by 
applying the criteria relative to: 

(a) Simple shear, table A.1(a), A.2(a) and 
A.3(a). 

(b) Combined bending and shear, table A.1(b), 
A.2(b) and A.3(b). 
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(c) Web crippling, figures A.6 and A.7. 

If the panel is inadequate in shear, select a 
new member and repeat steps 4 to 12. 

Solution: 

Step 1 Given: 

(a) Pressure-time loading [figure A.8(a)]. 

(b) Criteria: 

maximum ductility ratio, u m ax =3.0 
maximum rotation 6 max = 2.0 

(c) Structural configuration [figure A.8(b)]. 

(d) Steel A 446, grade a, E = 30 x 10® psi 

i Fy = 40,000 psi 

c = 1.1 

Step 2 Determine the equivalent static load. 

DLF = 1.65 (reusable) 

W = DLF x p x b 

= 1.65 x 4.30 x 12 x 12 = 1,021.7 lb/ft. 
Step 3 Determine required ultimate moment capacities. 

M up = M un = WL2/12 

= 1,021.7/12 x (4.5) 2 = 1,724.1 lb-ft 

(Equation A.5) 

Step 4 Determine required section moduli. 

Fdy = 1.1 x 40,000 = 44,000 psi (Equation A.l) 

S + = S- = (1,724.1 x 12)/44,000 = 0.47 in 3 

(Select a UKX 18-18, 1-1/2 inches deep) 
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Step 5 


Step 6 


Step 7 


Step 8 


Determine actual section properties. 

From manufacturer's guide: 

S + =0.472 in 3 
S“ = 0.591 in 3 
I = 0.566 in 4 
W = 4.8 psf 

Compute maximum unit resistance r u . 

M U p = (44,000 x 0.472)/12 = 1,730 lb-ft 

(Equation A.2) 

M un = (44,000 x 0.591)/12 = 2,167.0 lb-ft 

(Equation A.3) 

r u - 4/L2(2M up +1) 

. r uiv 

= (4.5) 2 (2 x 1,730.67 + 2,167.0) 

= 1,111.8 lb/ft (Equation A.5) 

Determine equivalent static stiffness. 
ft E r u L/X E ^ (EIr u L) 

= 0.0062r u L 4 (Equation A.6) 

= EI/0.0062L 3 

= (30 x 10 6 x 0.566)/[0.0062 x 

(4.5) 3 x 144] = 208,711.3 lb/ft. 

Compute the natural period of vibration for the 
1-ft width of panel. 

mL = w/g = (4.8 x 10^ x 4.5)/32.2 

= 0.67 x 10 6 lb-ms2/ft. 

T N = 2ir/(0.74 x 0.67 x 10 6 )/208,711.3 

= 9.68 msec. 
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Step 9 Calculate B/r u and T/Tn 
B = p x b 

= 4.3 x 12 x 12 = 619.2 lb/ft 
B/r u = 619.2/1,111.8 = 0.56 
T/TN = 40/9.68 = 4.13 

Entering figure 6-7 in TM 5-1300 with these 
values 

= 1.15 < 3.0 OK 

Step 10 Check maximum deflection and rotation. 

X E = r u L/K E = 1,111.8 x 4.5/208,711.3 
= 0.024 ft 

Xm = X E = 1.15 x 0.024 = 0.028 ft 

tan = X M /(L/2) = 0.028/2.25 = 0.012 

= 0.70° < 2.0° OK 

Step 11 Check resistance in rebound. 

From chart, figure A.4 arequired r/r u = 0.33 

Available maximum elastic resistance in rebound 

(r/r u )actual = 0.472/0.591 = 0.799 > 0.33 OK 

Step 12 Check resistance in shear. 

Interior support (combined shear and bending. 

Determine dynamic shear capacity of a 1-ft 
width of panel: 

h = (1.500 - 2t) inches, t = 0.043 inch ' 

= 1.500 - 0.086 = 1.414 inches 
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h/t = 1.414/0.043 = 33 = 30 

F dv = 10.84 ksi (Table 3.4) 

Total web area for 1-ft width of panel: 

(8.x h x t)/2 = 4 x 1.414 x 0.043 = 0.243 in 2 

V u = 0.243 x 10.84 = 2.636 k = 2,636 lb. 

Determine maximum dynamic shear force: 

The maximum shear at an interior support of a 
continuous panel using limit design is: 

^max = 0*^5 r u L 

= 0.55 x 1,111.8 x 4.5 = 2,751 lb 
= 2,751.7 lb > 2,636 lb. Not Good 
Go back to step 4 and choose another section. 
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APPENDIX B 
ENGINEERING DRAWINGS 
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